The purchasing power parity puzzle relates to the adjustment of real exchange rates. Real exchange rates are extremely volatile, suggesting that temporary shocks emanate from the monetary sector. But the half-life of real exchange rate deviations is extremely large -2.5 to 5 years. This halflife seems too large to be explained by the slow adjustment of nominal prices. We offer a different interpretation. We maintain that nominal exchange rates and prices need not converge at the same rate, as is implicit in rational-expectations sticky-price models of the exchange rate. Evidence from unobserved components models for nominal prices and nominal exchange rates that impose relative purchasing power parity in the long run indicates that nominal exchange rates converge much more slowly than nominal prices. The real puzzle is why nominal exchange rates converge so slowly.
Since the advent of floating exchange rates in 1973, real exchange rates among industrialized countries have been very persistent and much more volatile than economists predicted. There are two general classes of explanations for this outcome, but neither is entirely satisfactory. It is possible that real productivity shocks and real demand shocks to economies have been very persistent. But it is difficult to identify shocks that would lead to such great volatility of real exchange rates.
A second view builds on rational-expectations sticky-price (RESP) models of open economy in the tradition of Dornbusch (1976) . Those models demonstrate that monetary shocks could lead to a high degree of real exchange rate volatility through the overshooting effect. Moreover, real exchange rates might be persistent because they adjust at the same rate as nominal prices adjust.
However, empirical studies of real exchange rate adjustment have found very long half-lives for transitory shocks to real exchange rates. Typically, the half-life of real exchange rates is estimated to be from 2.5 to 5 years.
1 That adjustment seems to be too slow to be explained by stickiness of nominal prices. Hence, we have the "purchasing power parity puzzle", as defined by Rogoff (1996) :
How can one reconcile the enormous short-term volatility of real exchange rates with the extremely slow rate at which shocks appear to damp out? Most explanations of short-term exchange rate volatility point to financial factors such as changes in portfolio preferences, short-term asset price bubbles, and monetary shocks. Such shocks can have substantial effects on the real economy in the presence of sticky nominal wages and prices. Consensus estimates for the rate at which PPP deviations damp, however, suggest a half-life of three to five years, seemingly far too long to be explained by nominal rigidities. It is not difficult to rationalize slow adjustment if real shocks -shocks to tastes and technology -are predominant. But existing models based on real shocks cannot account for short-term exchange-rate volatility. (pp. 647-648.) Earlier, Stockman (1984) also questions whether the slow convergence of real exchange rates can be explained by slow adjustment of nominal prices: …This degree of persistence appears to be too large to explain on the basis of disequilibrium models that postulate sticky nominal prices. Many macroeconomists believe that sticky nominal prices play a major role in business cycles (though there is clearly controversies about this.) The length of time over which the economy recovers from recessions would provide a rough estimate of the time it takes the overall price level to adjust to its new equilibrium following a disturbance. This estimate would suggest a period of two to three years. In fact, because there are many reasons for business cycles to persist once they have begun, two to three years is probably an upper bound. Disequilibrium theories of exchange rates, based on sticky nominal goods prices, predict that real and nominal exchange rates should return toward their equilibrium levels when nominal goods prices do. This means that they predict systematic changes in real and nominal exchange rates that are not found in the data.
Here we offer one possible resolution to the purchasing power parity puzzle:
nominal prices and exchange rates converge at different speeds. In fact, we find prices converge relatively rapidly. It is nominal exchange rates that move toward the purchasing power parity equilibrium very slowly. Why do Rogoff, Stockman and others mate the convergence speed of the real exchange rate with the convergence speed of prices? Probably it is because that is the sort of dynamics that arise from RESP models.
In those models, prices, nominal exchange rates, and real exchange rates converge to the long run at the same rate. Such models restrict the dimension of deviations of exchange rates and prices from their long-run equilibrium values. These variables converge along a saddle path, which makes the deviation of the nominal exchange rate a linear combination of the deviation of domestic and foreign prices from their equilibrium values.
We raise a new puzzle: why does the nominal exchange rate converge so slowly?
We do not provide an alternative theory that can explain why nominal exchange rates deviate from their long-run equilibrium value for such long periods of time. The model we present is empirical. Perhaps this new puzzle is related to the empirical failure of uncovered interest parity (UIP). In terms of the RESP model, the forward-looking behavior implicit in rational expectations modeling of the UIP condition is the key to the solution that puts exchange rates and prices on a saddle path, and reduces the dimensionality of the system. However, we do not attempt any theoretical modeling of an alternative to UIP. The UIP puzzle has been very resistant to theoretical explanations, so we leave that for future research.
2
In section 1, we lay out the empirical model. Section 2 relates the model to RESP model directly, as a way to develop some restrictions that are helpful in estimation. (We build a model that nests a RESP model as a special case.) Section 3 reports results.
Section 4 explores what happens when we relax the restrictions used in estimation.
Section 5 compares our approach to other recent studies that have allowed different speeds of adjustment for exchange rates and prices. In section 6, we speculate on what type of economic behavior might produce the results we find.
Model
We propose an unobserved components (UC) model to examine price level and exchange rate adjustment. In our model, the log price levels and the log nominal exchange rate for a given pair of countries are subject to permanent and transitory shocks, but gravitate over time toward an unobserved equilibrium based on purchasing power parity (PPP).
2 See Hodrick (1987) and Engel (1996) for extensive surveys.
In its most general form, our model has the observed log price levels and the log exchange rate adjust toward unobserved equilibrium values according to kth-order stationary autoregressive processes:
where, 
Finally, the permanent and transitory shocks have a joint Normal distribution: 
Equations (1) and (2) are price-adjustment equations. These might be considered structural equations that describe how an aggregate price index adjusts to its long-run equilibrium. These equations are very similar to price-adjustment equations in openeconomy models presented by Obstfeld and Rogoff (1984) and Engel and Frankel (1984) .
The equilibrium prices, t p and * t p , are interpreted in those models as the price level that would prevail in each country if prices were perfectly flexible, given the current values (and history) of the exogenous variables.
Under this interpretation, equations (4) and (5) 
Estimation
To make estimation more tractable, we place three major restrictions on the general model presented in the previous section. First, for simplicity and transparency, we assume first-order autoregressive adjustment processes (i.e., 1 = k 
In practice, there are a couple of reasons to assume that while t v and t v might be negatively correlated, the correlation is not perfect. v . This is a typical assumption in RESP models. It corresponds to an assumption that domestic monetary and fiscal shocks are uncorrelated with the corresponding foreign shocks.
Our model generalizes the models of Mussa (1982), Obstfeld and Rogoff (1984) and Engel and Frankel (1984) in two ways. The first is relatively trivial. As we discussed above, we do not impose the restriction that shocks to current and equilibrium prices in each country are perfectly negatively correlated. The second is crucial. The two-country model yields saddle-path dynamics in which prices and the exchange rate converge at the same speed. It has a linear restriction of the form:
where η and * η are constants. We do not impose such a restriction. Furthermore, the symmetric model implies
are the same. We do not impose that restriction. Instead, we allow prices to have one speed of convergence and the exchange rate to have another. Indeed, it is by
are all the same that we move from a model in which we can speak meaningfully about the speed of adjustment of the real exchange rate to a model that focuses on the speed of adjustment of nominal prices and nominal exchange rates.
In light of the above discussion, we impose only four independent zero restrictions on the covariance matrix, instead of nine, as in the case when all of the shocks are independent. Thus, the joint Normal distribution for the permanent and transitory shocks given in (7) becomes 
In addition to these four zero restrictions, we consider three proportionality restrictions for the non-zero off-diagonal elements of the covariance matrix. These proportionality restrictions hold for the symmetric RESP model, discussed in the appendix, and might well be expected to hold for our model given the assumption that nominal prices adjust at the same speed in each country.
The first proportionality restriction we impose is that, while the direction is opposite, the degree of exchange overshooting or undershooting should be the same in response to equal shocks to t p and * t p :
The second restriction we impose is that the relationship between permanent and transitory price shocks is proportional in each country:
where if 1 = δ , we would have the perfect price-stickiness case mentioned above. The third restriction is that the relationship between transitory price shocks and transitory exchange shocks is proportional with opposite signs in each country:
With the three additional proportionality restrictions, we limit the number of independent elements in (7′) from eleven to eight.
It is important to emphasize that the restrictions on the covariance matrix are not necessary to identify our model. Given 1 = k , the structural UC model in (1)- (7) corresponds to a reduced-form model with enough parameters for identification. 3 In particular, the most general structural model has 22 parameters (excluding the normalizing initial values for the unobserved permanent components, which cannot be identified from a reduced-form model in first differences alone). Meanwhile, the same structural model implies that the first differences of the price levels and the exchange rate have reduced-form univariate ARMA(2,2) and ARMA(3,3) representations, which corresponds to 22 independent parameters. Appendix 2 discusses the Kalman filter and maximum likelihood estimation of this model.
Results
We consider six country pairs based on the G7 countries, with the US always serving as the home country. The foreign country is represented by Canada, France, Germany, Italy, Japan, and the UK, respectively. We employ price level and exchange rate data from Datastream. The price levels for the home and foreign countries are represented by their respective consumer price indexes (not seasonally adjusted). The exchange rates are end-of-period prices of foreign currency expressed in US dollars. The original data are sampled at a monthly frequency. However, we sample the data at a quarterly frequency to simplify estimation. The data are converted into logarithms and multiplied by 100. The sample period is 1974Q1 to 1998Q2.
We employ the OPTMUM procedure for the GAUSS programming language to obtain maximum likelihood estimates. Numerical derivatives are used for estimation and the calculation of asymptotic standard errors. Estimates appear robust to a variety of starting values. and Japan, and f) US and UK, respectively. The most important thing to notice about these estimates is that, for every country pair, the adjustment of prices to a transitory shock is much faster than the adjustment of the exchange rate. The half-lives of transitory price shocks are less than a quarter in the first three cases and less than two quarters in the remaining three cases. Meanwhile, the half-lives of transitory exchange rate shocks range from two years for the US/UK case, to as many as thirteen years for the US/Canada case.
Another notable result is that equilibrium inflation is very persistent for every country pair. Indeed, it seems unlikely that we would be able to reject a unit root in equilibrium inflation in any of the cases. However, if a unit root really were present, accounting for it should only serve to strengthen evidence for fast adjustment of prices in response to transitory shocks. In particular, an ommitted nonstationary component from equilibrium prices would show up in the estimated gap between prices and equilibrium prices, thus putting an upward bias on our estimates of the persistence of transitory price shocks. We explore a related phenomenon in the next section when we allow for a onetime structural break in the equilibrium inflation process.
The next result to notice is that the transitory exchange rate shocks are an order of magnitude more volatile than the permanent and transitory price shocks. This is not too surprising given the relative volatility of observed prices and exchange rates, which is the main stylized fact RESP overshooting models try to account for. But, it is notable since it potentially explains why Cheung, Lai, and Bergman (1999) find that nominal exchange rates do most of the adjustment towards PPP, even if prices adjust more quickly. We discuss this point in further detail in section 5.
In terms of undershooting or overshooting behaviour, the point estimates of
generally imply overshooting of exchange rates in response to permanent price shocks. In particular, the exchange rate appears to overshoot a permanent price shock by 570% in the US/France case, 230% in the US/Germany case, 300% in the US/Italy case, and 730% in the US/Japan case. The exchange rate does appear to undershoot by 70% in the US/Canada case and 65% in the US/UK case, although, even in these cases, the exchange rates still moves in the "correct" direction.
However, it should be noted that the undershooting and overshooting estimates are not significant at conventional levels. 
Specification Tests
In this section, we explore what happens when we relax the restrictions imposed on our model in estimation. We also test the robustness of our main findings to other model specifications. Table 3 reports the results for a likelihood ratio test of our assumption of firstorder autoregressive adjustment processes (i.e., k = 1 ) against the alternative of secondorder autoregressive adjustment processes (i.e., k = 2 ). The second-order dynamics are uniformly significant, with χ 2 3 ( ) likelihood ratio statistics ranging from 23.102 for the US/France case to 49.728 for the US/Germany case. Of course, the apparent inability of the restricted model to capture all of the serial correlation of permanent and transitory price and exchange rate movements begs the question of whether the main finding of different speeds of adjustment is spurious. Table 4 reports the results given second-order adjustment processes for a likelihood ratio test of the hypothesis that prices and the exchange rate adjust at the same speed against the alternative of different speeds of adjustment. Compared to Table 2 , the hypothesis of the same speed of adjustment can be more strongly rejected. Indeed, the point estimates for the AR(2) parameters generally suggest exchange rate adjustment that is as slow as in the AR(1) case, but price adjustment that is much faster, with prices actually displaying a negative partial autocorrelation at the second lag that is so large as to be more consistent with price overshooting than price stickiness. Table 5 reports the results for a likelihood ratio test of the four independent zero restrictions in the covariance matrix (7') against the alternative of no zero restrictions.
Since we do not impose the proportionality restrictions for this test, we also do not impose that nominal prices adjust at the same speed in each country. The χ 2 4 ( ) likelihood ratio statistics are all significant, suggesting that our zero restrictions can be statistically rejected. However, we note that relaxing these restrictions makes estimation much more sensitive to starting values, with the likelihood surface providing multiple local maxima. Table 6 reports the results given no zero restrictions on the covariance matrix (7) for a likelihood ratio test of the hypothesis that prices and the exchange rate adjust at the same speed against the alternative of different speeds of adjustment. Tables 2 and 4 , the results are weaker, although the χ 2 2 ( ) statistics are still significant for the US/France case and the US/Germany case. We note that there appears to be no pattern as to which individual elements of the covariance matrix are significant across country pairs. Thus, we argue that the zero restrictions in (7') are reasonable on economic grounds (see the discussion in section 2). Table 7 reports the results for a likelihood ratio test of the various symmetry restrictions (same speed of adjustment for nominal prices and proportionality restrictions on (7')) against the alternative of no symmetry restrictions. The χ 2 5 ( ) likelihood ratio statistics are generally not significant. Only the US/Japan case is significant at the 10% level. Both the same speed of adjustment restriction and the proportionality restrictions are insignificant when tested for separately. Thus, the symmetry restrictions in our model appear to be justified, with estimates changing little when the restrictions are relaxed. Table 8 reports the results for a likelihood ratio test of the hypothesis that all the shocks are independent against the alternative that the shocks have the covariance structure imposed in our model and given by (7') and (9)-(11). The χ 2 3 ( ) likelihood ratio statistics are not significant at conventional levels. Thus, we should probably not put too much emphasis on our interpretation of α , δ , and κ in the previous section. Again, however, we consider a model that allows non-zero elements in the covariance matrix to accommodate the possibility of RESP-style dynamics.
Compared to
[Other specifications to be considered include i) allowing for a one-time structural break in 1980 in the unconditional means of the equilibrium inflation rates and ii) allowing for the possibility that prices adjust to disequilibrium in the nominal exchange rate by including the lagged exchange rate gap in the price adjustment equations.]
Discussion
It is notable that our main finding that prices adjust more quickly than exchange rates appears to contradict the results of other related studies. In this section, we discuss why in particular our findings appear so different to the vector error correction model (VECM) results reported in Cheung, Lai, and Bergman (1999 (12) and (13) so that the error correction term can be written ast − .) That may be an interesting parameter, but it is difficult to see how to interpret it as relating to a speed of adjustment of prices.
To understand why their p α is so low, we point out two crucial differences in our UC model and the VECM model. First, the error correction term in (12) and (13) An example makes this clear. If relative prices follow a random walk, then by construction they would adjust to equilibrium instantaneously. There would be no relative price gap, only an exchange rate gap. However, since relative prices follow a random walk, they would not adjust toward the exchange rate gap at all, implying that p α would actually be zero.
Another way to think about the VECM results is to make the careful distinction between the "size" of adjustment and the "speed" of adjustment to equilibrium. The fact that exchange rates adjust much more than relative prices in response to deviations to PPP does not necessarily imply that exchange rates adjust more rapidly to equilibrium.
Instead, it appears from our findings that the main reason exchange rates adjust more than relative prices is because the exchange rate gap is much larger than the relative price gap.
Specifically, we find transitory exchange rate shocks are always an order of magnitude more volatile than transitory price shocks. The best way to distinguish between the size of adjustment and the speed of adjustment, then, is to control for the size of the gaps by considering half-lives of any given one standard deviation transitory shock to the exchange rate or prices. Our estimates of the half-lives make it clear that prices adjust more quickly than the exchange rate.
A second difference between our UC modeling approach and the VECM approach concerns the left-hand-side variable. Consider, for example, the nominal exchange rate.
In our UC model, we examine changes in the exchange rate relative to its equilibrium value: ) ( . It is, of course, an empirical question as to which modeling approach fits the data the best.
7 Our approach is easier to understand as a generalization of the RESP model, and it is easier to infer the "speed of adjustment" from our parameter estimates.
Thus, when one considers that the error correction term mixes exchange rate and price gaps or, alternatively, when one carefully distinguishes between the "size" and the "speed" of adjustment, it becomes clear that our main findings do not contradict Cheung, Lai, and Bergman's (1999) results. Our approach emphasizes the speed of adjustment to unobserved equilibrium levels.
Conclusions
What could explain the result that prices converge fairly quickly in each country to their equilibrium levels, but the exchange rate moves only very slowly to the PPP value? Rogoff's (1997) speculation is apropos:
One is left with a conclusion that would certainly make the godfather of purchasing power parity, Gustav Cassel, roll over in his grave. It is simply this: International goods markets, though becoming more integrated all the time, remain quite segmented, with large trading frictions across a broad range of goods. These frictions may be due to transportation costs, threatened or actual tariffs, nontariff barriers, information costs or lack of labor mobility. As a consequence of various adjustment costs, there is a large buffer within which nominal exchange rates can move without producing an immediate proportional response in relative domestic prices. International goods markets are highly integrated, but not yet nearly as integrated as domestic goods markets. This is not an entirely comfortable conclusion, but for now there is no really satisfactory alternative explanation to the purchasing power parity puzzle. (p. 667-668.) Perhaps, in addition, when these frictions are present, there is more scope for herding behavior and bubbles. It is unlikely that a fully-specified model would take as simple a form as the one posited here. But bubbles and herding behavior might temporarily send the exchange rate off on disequilibrium paths that result in the appearance of slow convergence to the equilibrium. It is suggestive to note that our empirical model of exchange rates is consistent with the RESP model except in one respect: it implies uncovered interest parity will not hold. (See Appendix 1.)
The failure of uncovered interest parity is, in itself, a puzzle. The ex post change in the exchange rate is consistently opposite of the expected change implied by relative interest rates under uncovered interest parity. The literature has been strikingly incapable of explaining this failure (known as the "forward premium puzzle") by appealing to models of the foreign exchange risk premium. 8 On the other hand, Frankel and Froot (1987, 1990) argue that the forward premium puzzle is consistent with a model in which noise traders follow bandwagon behavior: buying a currency if it appreciated in the previous period, for example. This type of bandwagon speculation conceivably could also be responsible for the very slow adjustment of nominal exchange rates to their equilibrium level.
The purpose of this appendix is to derive the behavior of real exchange-rate adjustment from a RESP model. The derivation helps understand the implicit restrictions that are usually put on price and exchange-rate changes, and where we differ.
Start with money demand equations in the home and foreign country, and interest parity (all constant terms will be suppressed for simplicity):
Here, t u ( ) 
Each of (A1.4) and (A1.5) are univariate rational expectations difference equations. They have solutions of the form:
) is the lag-operator on money supply and money demand shocks in the home (foreign) country that solves equation (A1.4) (equation (A1.5)).
As in Engel and Frankel (1984) . Then we can write the covariance matrix defined in equation (7) in the text as: 
